The aminopeptidase pumAPE was purified from the haploid fungus Ustilago maydis FB1 strain. The purification procedure consisted of ammonium sulfate fractionation and three chromatographic steps, which included anion-exchange, hydrophobic interaction, and gel filtration chromatography, resulting in a 23% recovery. The molecular mass of the dimeric enzyme was estimated to be 110 kDa and 58 kDa by gel filtration chromatography and SDS-PAGE, respectively. Enzymatic activity was optimal at pH 7.0 and at 35°C toward Lys-pNA and the pI was determined to be 5.1. The enzyme was inhibited by EDTA-Na 2 , 1,10-phenanthroline, bestantin, PMSF and several divalent cations (Cu 2þ , Hg 2þ and Zn 2þÞ . The aminopeptidase showed a preference for lysine and arginine in the N-position. The K m value was 54.4 lM and the V max value was 408 lmol min À1 mg À1 for Lys-pNA.
Introduction
Proteolysis is vital for cell life and it is the main physiological processes, such as utilization of exogenous proteins as nutrients, elimination of non-functional proteins, maintenance of amino acid pools, and post-translational regulation. In the ascomycete Saccharomyces cerevisiae, the best studied fungal model, numerous proteolytic enzymes have been biochemically and genetically characterized [1] . There are several proteases associated with yeast proteasomes that participate in stress-dependent and ubiquitin-mediated proteolysis. They are involved in the degradation of short-lived and regulator proteins that generate small peptides from proteins, these latter are degraded into amino acids by tri-, di-, carboxy-, and amino-peptidases [2, 3] .
Aminopeptidases catalyze amino acids cleavage from the unblocked N termini of peptides and proteins. These enzymes, widely distributed in eukaryotes and prokaryotes, are classified by their substrate specificity (preference for a neutral, acidic or basic amino acid in N terminal position). Most aminopeptidases are metalloenzymes, although cysteine and serine aminopetidases have been described [4] . Besides their involvement in the general metabolism of amino acids and proteins, aminopeptidases are involved in activation and inactivation of biologically active peptides [5, 6] , elimination of Nterminus methionine of newly synthesized proteins [7] , and antigen processing to be presented to the major histocompatibility system [8] .
Few functions of yeast aminopeptidases have been described. Methionine aminopeptidases from S. cerevisiae, encoded by the MAP1 and MAP2 genes, remove the N-terminal methionine of newly synthesized proteins [9] . In the same yeast, the AAP1 gene encoding an alanine/arginine aminopeptidase increases glycogen accumulation in the cell [10] , whereas the aminopeptidase ycsII is not vital for cell life and differentiation; but it is involved in the cellular supply of leucine [11] . However, most ascomycete aminopeptidases have no associated function evidenced through genetic or biochemical studies [12] [13] [14] [15] [16] [17] .
Production and roles of the aminopeptidases in basidiomycete fungi have been studied in a few systems. Coprinus cinereus produces a leucine aminopeptidase in meiotic prophase tissue [18] , Lyophyllum cinerascens and Grifola frondosa aminopeptidases have been purified and biochemically characterized [19, 20] , and the mycelial Trametes trogi aminopeptidase has been detected in culture supernatants [21] .
Another basidiomycete, Ustilago maydis, a dimorphic phythopathogenic fungus, causal agent of the corn smut, produces at least two intracellular aminopeptidases (pumAPE) primarily associated with the exponential growth phase of the fungus. Maximal activity has been found in the soluble fraction and this activity is blocked by two metalloprotease inhibitors, EDTA-Na 2 and 1,10-phenanthroline [22] .
This work focuses on the purification and biochemical characterization of the recently reported intracellular aminopeptidase pumAPE from U. maydis. The properties of the purified enzyme and its possible role are discussed to elucidate the participation of this enzyme during the plant-fungus relationship, maturation of proteins, and/or nitrogen uptake.
Materials and methods

Organism and culture conditions
The U. maydis FB1 a1b1 used in this study was kindly provided by Dr. Flora Banuett, University of California at San Francisco, CA, USA. For purification purposes U. maydis was grown in YEPD medium (1% yeast extract, 2% peptone and 2% dextrose) in a 1.5 l Fernbach glass at 28°C using an orbital shaker at 150 rpm. The medium was inoculated with an overnight culture and incubated for 24 h.
Standard enzyme assay and protein determination
Aminopeptidase activity was measured using L L -lysinep-nitroanilide (Lys-pNA) (Bachem, King of Prussia, PA, USA) as substrate. The incubation mixture contained 100 mM Tris-HCl buffer (pH 7.5), 1 mM Lys-pNA and the enzyme, in a total volume of 500 ll. After incubation at 37°C for 10 min, the reaction was stopped by adding 500 ll of 5% ZnSO 4 and 100 ll of 7.5% Ba(OH) 2 . The mixture was centrifuged (10,000g for 10 min), and absorbance of the released p-nitroaniline was determined at 405 nm in the clear supernatant. One unit of aminopeptidase pum-APE corresponded to the amount of enzyme that releases 1 lmol min À1 of p-nitroaniline under test conditions [12] . Protein determinations were performed according to Bradford's method [23] .
Enzyme purification
Biomass from the culture medium was recovered by centrifugation (5000g, 4°C for 10 min). Cells were fragmented in a Braun mill using glass beads (0.5 mm diameter). The mixture contained 7.5 g of beads, 14 ml of 0.1 M Tris-HCl (pH 8.0), and 6 g of cells. Total disintegration time was 10 min (10 series, 1 min each). The crude extract was carefully removed from the glass beads and centrifuged (10,000g for 4°C, 10 min). The supernatant was removed and ultracentrifuged (100,000g, 4°C for 90 min). The corresponding supernatant was used in the enzyme purification procedure.
All enzyme manipulations and chromatographic separations were performed in a fast protein liquid chromatographic (FPLC) system (Amersham Biosciences Ltd., UK) at 4°C.
Ammonium sulfate fractionation
The supernatant obtained after ultracentrifugation was adjusted to 60% saturation with ammonium sulfate. After incubation for 30 min at 4°C, the enzymatic extract was centrifuged at 15,000g at 4°C for 30 min. A second step of precipitation was performed adding ammonium sulfate to 80% saturation and incubating for 1 h at 4°C. The final precipitate was collected by centrifugation (15,000g, 30 min for 4°C) and dissolved in 20 mM Tris-HCl (pH 8.0).
Anion-exchange chromatography
The protein fraction obtained by ammonium sulfate precipitation was applied onto a HiPrep 26/10 prepacked desalting column (Amersham Biosciences Ltd., UK). Eluted proteins were pooled, collected, and applied onto the Q Sepharose HP column XK50 (Amersham Biosciences Ltd., UK) previously equilibrated with 20 mM Tris-HCl (pH 8.0). The proteins were eluted at 60 ml h À1 with a linear NaCl gradient (0.0-1.0 M) and collected in 6 ml fractions. The active fractions were pooled and adjusted to 1.5 M ammonium sulfate.
Hydrophobic interaction chromatography
The pooled sample obtained in the previous chromatographic step was applied onto the Phenyl-Superose HR 5/5 column (Amersham Biosciences Ltd., UK) equilibrated with 50 mM KH 2 PO 4 /K 2 HPO 4 buffer (pH 8.0), containing 1.7 M of ammonium sulfate. Proteins were eluted at 0.5 ml min À1 , by using a linear gradient from 1.7 to 0.0 M of ammonium sulfate, in 50 mM KH 2 PO 4 /K 2 HPO 4 buffer (pH 8.0). The eluent was collected in 1 ml fractions. The active fractions were pooled, and concentrated with 50,000 kDa Centricon microseparation device (Millipore Corp., Bedford, MA).
Gel-filtration chromatography
The proteins concentrate was applied onto the prepacked Superose 12 prep grade column (Amersham Biosciences Ltd., UK) equilibrated with 50 mM KH 2 PO 4 /K 2 HPO 4 buffer (pH 8.0), containing 0.15 M NaCl. Proteins were eluted at 3 ml h À1 and collected in 1 ml fractions.
Polyacrylamide gel electrophoresis and determination of molecular mass
Purification was monitored by SDS-PAGE as previously described [24] . Acrylamide concentrations in staking and separating gels were 4% and 10%, respectively. Gels were silver-stained using the Silver Stain Plus Kit (BioRad, USA).The molecular weight of the enzyme was estimated by SDS-PAGE [24] , and FPLC gel filtration performed on Superose 12 prep grade column. Proteins of known molecular weight were used as standards [25] .
Isoelectric point determination and effects of pH and temperature on aminopeptidase pumAPE activity
The pI of the purified aminopeptidase pumAPE was estimated by isoelectric focusing with the Rotofor system (BioRad, USA), using a rotolite pH range from 3.0 to 11.0, running time was 5 h at 12 W.
The optimal pH of the protease was determined at 37°C with different buffers at 50 mM. For the pH ranges of 2.0-7.0, 7.0-10.0, and 9.0-11.0, McIlvaine, Tris-HCl, and glycine-NaOH buffers were used, respectively. The pH stability was determined by overnight preincubation of the purified enzyme in the appropriate buffer at different pH values ranging from 2 to 10 at 4°C followed by standard enzyme assay. Optimal temperature was examined between 5 and 80°C by standard enzyme assay. Thermal stability was evaluated by incubation of the enzyme solution at 5, 25, 30, 35, 40, 45, 50, 55, 60, 70, and 80°C for 60 min, before performing the standard enzymatic assay. Activity was always expressed as a percentage of the activity obtained at either the optimal pH or temperature.
Effects of protease inhibitors and metal cations on aminopeptidase pumAPE activity
The effects of potential inhibitors, such as bestatin, pepstatin, leupeptin, Pefabloc, E-64, PMSF, 1,10-phenanthroline, and EDTA-Na 2 (Roche, Switzerland) were tested, as well as 0.5 or 1.0 mM metal cations. The purified enzyme was preincubated with the respective compound for 30 min at 37°C, followed by the standard enzyme assay. Activity was expressed as a percentage of the activity obtained in the absence of the added inhibitor or metal salt.
Substrate specificity and kinetic parameters
The relative activities of the aminopeptidase pum-APE against several aminoacyl-p-nitroanilide (pNA) substrates were determined by standard activity assay. The reaction mixture consisted of 450 ll of 50 mM TrisHCl (pH 7.5), 25 ll of 25 mM of each substrate and 25 ll of enzyme. Absorbance at 405 nm was determined after 20 min of incubation. Kinetic parameters of the purified enzyme were estimated for Lys-pNA by using concentrations ranging from 0 to 1.5 mM. Activity was measured continuously as described above. Kinetic parameters were calculated from Lineweaver-Burk plots.
Results
Purification of enzyme
The aminopeptidase pumAPE from U. maydis FB1 was purified by selective fractionation with ammonium sulfate and three chromatographic steps, resulting in an enzyme preparation of 1.89 U. The results of each purification step are shown in Table 1 and Fig. 1 . The protease eluted from Q Sepharose HR and Phenyl-superose HR 5/5 columns was observed as a unique peak of activity (Fig. 1A and B) . The chromatographic step on the gel filtration column (Fig. 1C) allowed the complete separation from other contaminating proteins. The final yield was 23.0% and the enzyme was purified 69.3-fold ( Table 1) . The purified enzyme produced a single band on a silver-stained SDS-PAGE gel (Fig. 1D ).
Molecular mass, isoelectric point and effects of pH and temperature
The molecular mass of the purified enzyme estimated by SDS-PAGE analysis was approximately 58 kDa (Fig. 1D, lane 6) . The relative molecular mass of the native enzyme estimated by gel filtration on Superose 12 column was around 110 kDa. These results suggest that the purified enzyme is a dimmer. The aminopeptidase pumAPE had a pI of 5.1 and showed activity toward Lys-pNA in a narrow pH range (7.0-9.0), with an optimum at pH 7.0. The activity was stable in the pH range 7.0-9.0 for 12 h at 4°C (Fig. 2A) . The enzymatic activity was optimal at 35°C but was sharply reduced at 40, 45, and 50°C. The activity of the enzyme was reduced by incubation for 1 h at high temperatures of 55.0-80.0°C (Fig. 2B) .
Effects of protease inhibitors and metal cations on the aminopeptidase pumAPE activity
The effects observed in the presence of potential inhibitors and metal cations are shown in Tables 2 and 3 , respectively. The presence of chelating agents, such as EDTA-Na 2 and 1,10-phenanthroline, inhibited the aminopeptidase activity, indicating that the purified enzyme is a metalloprotease. Bestatin, a typical inhibitor of exopeptidases, caused strong inhibition of the purified enzyme. PMSF, Pefabloc (serine proteases inhibitors) and leupeptin (cysteine and serine proteases inhibitor) had an inhibitory effect on the enzyme. No inhibitory effects ware observed with pepstatin or E-64, aspartyl and cystein proteases inhibitors, respectively ( Table 2) .
The presence of Cu 2þ , Hg 2þ , and Zn 2þ caused complete inhibition of the purified enzyme at 1 mM. Other cations such as Co 2þ , Ni 2þ , and Mn 2þ had a strong inhibitory effect on the aminopeptidase, whereas Mg 2þ and Ca 2þ had a slight inhibitory effect on its activity. No stimulatory effect was observed with any of the metal cations tested (Table 3) . 
Substrate specificity and kinetic parameters
The maximal hydrolysis rates were obtained when lysine was in the N-position. Hydrolyses of substrates containing arginine and alanine were of 87.6% and 46.7%, respectively. The relative activities toward these substrates showed that the N-terminal residue presents, in order of preference: lysine, arginine, alanine, leucine, methionine, proline, and phenylalanine. No activity was observed against substrates that contained two amino acids which ones in the N-position (Table 4 ). The K m and V max values of the enzyme for Lys-pNA at pH 7.0 and 37°C were 54.4 lM and 408 lmol min À1 mg À1 , respectively.
Discussion
The aminopeptidase pumAPE from U. maydis is the first exopeptidase found in this fungus and was purified Table 4 Relative activities of the purified aminopeptidase pumAPE on various colorimetric (pNA-derived) substrates
Substrate
Relative activity to homogeneity by ammonium precipitation and three consecutive chromatographic steps. Hydrophobic interaction and gel filtration chromatography were critical steps for separating the other protein contaminants.
The purified enzyme is a dimer with a mass of 110 kDa estimated by gel filtration and 58 kDa by SDS-PAGE as monomer. The described ascomycete and basidiomycete aminopeptidases include monomeric [20, 26] , dimeric [12] and multimeric [16, [18] [19] [20] forms with subunits varying from 30 to 92 kDa.
The pumAPE from U. maydis showed an isoelectric point of 5.1 slightly higher than the aminopeptidases from S. cerevisiae (pI 4.7) [27] , and L. cinerascens (pI 4.6) [19] . In contrast, a methionine aminopeptidase from S. cerevisiae has an alkaline isoelectric point (pI 7.8) [26] . Similarly to other intracellular fungal aminopeptidases [13, 16, 19] , pumAPE exhibits a neutral optimal pH of enzyme activity with a narrow range of activity. An exception is the aminopeptidase from G. frondosa with an alkaline optimal pH of enzyme activity (pH 8.5) [20] . The pumAPE enzyme was stable in alkaline conditions, but not in acidic pH conditions. Although, the subcellular location of this enzyme is not clear yet, the instability of the enzyme in acidic conditions suggests that pumAPE is found in the cytoplasm and not in vacuoles, where acidic conditions prevail [28] .
According to the inhibition profile, the aminopeptidase pumAPE seem to be a metalloprotease. This property is common to several aminopeptidases from ascomycetes [12, 13, 16, 17, 26, 27] and basidiomycetes [19, 20] . Bestatin, a microbial inhibitor that interacts with the metal centers of metalloenzymes [29] , has a strong effect on fungal aminopeptidases [13, 16, 17] , including pumAPE. As has been reported for other fungal aminopeptidases [16, 17] , the presence of blocking agents from serin proteases, such as Pefabloc, PMSF and leupeptin, inhibited partially the activity suggesting that serine residues might be participating in the catalysis of this enzyme.
In general, metal cations Cu 2þ , Hg 2þ , Zn 2þ , Co 2þ , Ni 2þ and Mn 2þ show a total or strong inhibition on aminopeptidases, pumAPE is not an exception. However, no stimulating effect of Co 2þ or Zn 2þ on pumAPE was obtained, as observed in other fungal aminopeptidases [16, 17, 30] .
The aminopeptidase pumAPE has a preference for substrates with N-position basic amino acids, such as lysine and arginine, although the maximal activity was obtained with lysine. This substrate preference suggested that pumAPE is a lysine aminopeptidase similar to aminopeptidases ApsA from Aspergillus niger [13] and yspI from Schizosaccharomyces pombe [12] .
Survival of cells in their environment depends on their capacity to adapt to constantly occurring changes. The cells ability to respond to environmental changes as nutrient starvation and physical or chemical conditions is vital for their survival. Nutritional stress probably leads to complete reorganization of cell metabolism and enzyme patterns. Here, intensive proteolysis is necessary to supply the cell with all the amino acids at the expense of unnecessary proteins, for new protein synthesis and probably also for the generation of energy [31] . The aminopeptidase pumAPE could participate by supplying the cell with basic amino acids, as has been suggested for the peptide products of proteosomes [2, 3] or during activation and inactivation of peptides [5, 6] .
In U. maydis, the rep1 gene is expressed abundantly in the filamentous stage, where it is required for the development of aerial hyphae. The rep1 gene encodes a protein of 652 amino acids that is processed into 11 small peptides related in sequence. These peptides are secreted and located in the cell wall, where they mediate surface hydrophobicity and have been implicated in attachment of hyphae to hydrophobic surfaces, a function that might also be important for plant-fungus pathogen interaction. Specifically, peptides 1-4 lack a lysine residue expected at the N-terminus, indicating a proteolytic processing event that could be due to a lysine aminopeptidase [32] . Probably, the pumAPE aminopeptidase plays an important role in the production of this hydrophobic peptide, and indirectly participates during plant-pathogen interactions.
The results presented here constitute the first report on the purification and characterization of an original lysine aminopeptidase in U. maydis FB1. It is hard to assign a physiological role to specific proteases; however, pumAPE is an enzyme possibly related with plantpathogen interactions and adaptative responses to the environment.
